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Abstract

Saphylococcus aureus is an important human pathogen that causes healthcare-associated and
community-acquired infections. Moreover, the growing prevalence of multiresistant strains
requires the development of alternative methods to antibiotic therapy. One effective therapeutic
option may be antimicrobial photodynamic inactivation (aPDI). Recently, S. aureus strain-
dependent response to PDI was demonstrated, although the mechanism underlying this
phenomenon remains unexplained. The aim of the current study was to investigate statistically
relevant correlations between the functionality and polymorphisms of agr gene determined for 750
methicillin-susceptible and methicillin-resistant S. aureus strains and their responses to
photodynamic inactivation using protoporphyrin IX. An Alul and Rsal digestion of the agr gene
PCR product revealed existing correlations between the determined digestion profiles
(designations used for the first time) and the PDI response. Moreover, the functionality of the agr
system affected S. aureus susceptibility to PDI. Based on our results, we conclude that the agr
gene may be a genetic factor affecting the strain dependent response to PDI.
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1. Introduction

Saphylococcus aureus is one of the most important known human pathogens. It is the
etiological agent in many infections, including local infections associated with skin and soft
tissue damage such as wound infections, deep-seated infections (e.g., myositis or
osteomyelitis), and device-related infections, as well as toxin-mediated diseases such as
toxic shock syndrome (TSS) and staphylococcal foodborne diseases (SFD) [1;2].
Healthcare-associated infections, especially those caused by methicillin-resistant S. aureus
strains (MRSA), are a great danger to both hospitalized and immunocompromised patients
in whom the organism causes high morbidity and mortality [3]. S. aureus possesses a wide
spectrum of virulence factors, including exoproteins (i.e., hemolysins, nucleases, and
proteases) that facilitate host cell lysis and cell wall-associated adhesins (i.e., fibronectin-
binding protein and protein A) required for the colonization of host tissues. In general, the
expression of staphylococcal virulence factors is regulated through the quorum sensing
mechanism by the accessory gene regulator (agr). Although the agr locus is conserved
among staphylococcal species, it consists of a polymorphic, hypervariable fragment used to
cluster S. aureus strains into one of four agr groups using polymerase chain reaction (PCR)
methods [4;5].

Increasing antibiotic resistance among pathogenic bacteria has forced researchers to find
alternative therapeutic options against which the bacteria will not be easily able to develop
resistance. Photodynamic therapy could be one such alternative. Studies of the
photoinactivation (PDI) of multiresistant pathogenic bacteria have shown that they are as
susceptible to PDI as their naive counterparts [6;7]. Photodynamic therapy (PDT), which is
generally recognized as a cancer treatment, utilizes photosensitizers (PS, usually non-toxic
dyes) that selectively accumulate in the target cells (i.e., malignant tissues or
microorganisms; if the therapy involves microorganisms, then this therapy is termed
photodynamic inactivation, or PDI) [8]. The appropriate wavelength of visible light is then
used to excite the PS molecules to the singlet state, and excited sensitizers undergo triplet
state reactions by either Type | or Type Il pathways [9]. The Type | mechanism involves
electron-transfer from the triplet state PS to the substrate, producing cytotoxic reactive
species such as superoxide or hydroxyl radicals [10]. The Type Il mechanism is based on
energy transfer from the triplet state PS to molecular oxygen (ground triplet state) to
produce highly cytotoxic singlet oxygen [11].

We have recently described the effect of PDI against different strains of S. aureus and
demonstrated a strain-dependent effectiveness for PDI [12;13]. The mechanism underlying
this phenomenon is still poorly understood. The current study is part of a wider project that
aims to investigate genetic correlations with the bactericidal effect of PDI on S aureus.
Specifically, the aim of this study was to analyze the effect of PDI on 750 strains of both
MSSA and MRSA S aureus and to determine if the effect is related to different genetic
profiles involving the agr gene. This genetic element is widely used for S. aureus typing and
influences staphylococcal virulence. It is claimed that agr-group-mediated differences in the
expression of various virulence factors influence strain pathogenicity and disease
progression, indicating that the activity of the agr system affects strain virulence [5]. Thus,
the search for genetic polymorphisms in this element and the determination of the genetic
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background of particular strains can have an important diagnostic value. Moreover, it was
shown that the agr system has a built-in oxidation-sensing mechanism through the DNA-
binding domain of the response regulator AgrA [14]. Mutagenesis studies further established
that S. aureus strain expressing AgrA varying in aminoacid sequence is more susceptible to
H202.

Moreover, microarray analysis revealed that agr function is upregulated by photodynamic
treatment and is related to resistance against PDI [15]. These results show that oxidation
sensing is a component of the quorum-sensing agr signaling system and it is justified to
analyse the influence of the agr locus, its functionality and polymorphism on S aureus
susceptibility to PDI which acts due to oxidative mechanisms. We hypothesise that both the
functionality and polymorphism of agr could influence S. aureus susceptibility to PDI-
induced oxidative mechanisms.

2. Materials and Methods

2.1. Bacterial isolates

In total, 750 clinical S. aureus strains isolated from 2002 to 2012 at the Provincial Hospital
in Gdansk and Hospital in Koszalin, Poland, were used; of these, 307 (41.0%) were MRSA
and 443 (59.0%) were MSSA. The isolates were characterized by Gram staining and the
ability to produce coagulase and the clumping factor using Slidex Staph Plus (bioMeérieux,
France). Species were identified using the MALDI-TOF MS (Bruker Daltonics, Germany).
Methicillin resistance was determined using a disc-diffusion method as well as a latex test
detecting PBP2a protein (Staphytect Plus, OXOID, US) [16]. Of the 750 strains collected,
27.5% (206 isolates) were isolated from surveillance cultures, 52.5% (394 isolates) from
patients with local infections, 16.3% (122 isolates) from patients with bacteremia and
generalized infections and 3.7% (28 isolates) from infections connected with
endoprostheses. Additionally, the isogenic S. aureus agr-positive/negative pairs were used
(JE2, NE95, NE1532, NE873; obtained through the Network of Antimicrobial Resistance in
Staphylococcus aureus (NARSA) and agr isogenic pair of S aureus LAC strain was used
(LAC wild type, and LAC agr-negative mutant), and control strains of S. aureus listed in
Table 1. Moreover, for assessment of hemolysin activity the reference S aureus RN4220
was used.

2.2. MALDI-TOF MS

All strains were examined by MALDI-TOF MS using a Microflex LT instrument (Bruker
Daltonics, Germany), Flexcontrol 3.0 software and the Biotyper 2.0 database (Bruker
Daltonics, Germany). The data analysis was performed according to the manufacturer’s
instructions. The samples were covered with 1 ml matrix solution (a saturated solution of a-
cyano-4-hydroxycinnamic acid in 50% acetonitrile, 2.5% trifluoroacetic acid). The analysed
mass range of spectra was 2000-20 000 m/z. Each spectrum was obtained after 240 shots in
an automatic acquisition mode. For the identification approach, a mass-to-charge range of
3000-15 000 Da was used. Identification was performed in duplicate and the higher score
was retained. The identification score cut-off values were applied on each measurement
according to the manufacturer’s instructions. According to this score system, a score of < 2
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is recommended for a probable species and a score of greater than 2.3 is recommended for a
secure species identification [17].

2.3. Nucleic acid isolation

For DNA isolation, strains were grown overnight in nutrient trypticase soy broth (TSB)
(bioMerieux, France) at 37°C for 24 h. Then, 1.5 ml of the bacterial culture was centrifuged
at 5000 x g for 10 min. The pellet was suspended in 180 ul of lysis buffer (20 mM Tris-HClI,
pH 8.0, 2 mM EDTA, 1.2% Triton X-100, lysozyme 20 mg/ml) and the GeneJET™
Genomic DNA Purification Kit (Thermo Scientific, Lithuania) was used for DNA isolation
according to the manufacturer’s procedure. The DNA concentrations were measured using
NanoDrop ND-1000 (Thermo Scientific, Lithuania) and were in the range from 10 to 100 ng
per microliter. In addition, quality of the isolated DNA was confirmed by gel
electrophoresis.

2.4. Random Amplification of Polymorphic DNA Fragments

To assess the clonal relatedness of studied MRSA S. aureus strains, the RAPD technique
was applied. The isolates were typed using primer gfaseq4 -5 CCC ACT GTG GTG TTC
ATA 3’. The amplifications were performed with approximately 30-40 ng of S aureus
DNA in a 50 ul reaction mixture containing 5 pl of 10xTagNova reaction buffer (750 mM
Tris-HCI pH 8.8, 200 mM (NH,4)»S04, 0.1% (v/v) Tween 20, 2 pl of 50 mM MgCly, 5 pl of
dNTP mixture (2 mM of each) and 1.5 pl of primer (10 pM). This mixture was
supplemented with 1 unit of TagNova DNA polymerase (DNA-Gdansk, Poland). The PCRs
were performed in a Veriti® Thermal Cycler as follows: initial denaturation at 94 °C for 2
min; ten cycles of denaturation at 94 °C for 30 s, annealing at 30 °C for 3 min and extension
at 72 °C for 2 min; and 30 cycles of denaturation at 94 °C for 30 s, annealing at 50 °C for 2
min and extension at 72 °C for 2 min. After the last cycle, a final extension step was
performed at 72 °C for 5 min. The amplification products were analyzed by electrophoresis
of 10 pl samples on 5% polyacrylamide gels. The above RAPD protocol was established
after preliminary trials of various reaction parameters (DNA, polymerase and magnesium
salt concentration, PCR thermal profile optimisation) and control experiments to test the
reproducibility of the method. The electrophoresis conditions were standardized and applied
as follows: 10 pl of sample per well, 5% polyacrylamide gel, TBE buffer, 4.4 V//cm, 14h.
The DNA bands obtained by the RAPD method described above, were visualized by UV
transillumination after ethidium bromide staining. All RAPD electrophoregrams were
analysed with FPQuest TM 1l program. The RAPD profiles were compared according to the
DNA Molecular Weight Marker M10kpz (DNA-Gdansk, Poland). DNA relatedness was
calculated by the band-based Dice coefficient with a setting of 2% band tolerance using the
un-weighed pair group method with mathematical averaging (UPGMA). Inter-gel similarity
coefficient was 90%.

2.5. Agr group-specific multiplex PCR

The agr sequences were amplified from 4 pl of the purified nucleic acid solutions in a 25 pl
reaction mixture containing 1 U of Tag DNA Polymerase (Thermo Scientific, Lithuania),
Taq Buffer with (NH4)2SO4 (Thermo Scientific, Lithuania), 200 uM dNTPs (MetaBion,
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Germany), 5 mM MgCly, and a 1.2 uM concentration of each of the primers Agrl-4 listed in
Table 1. Amplification was performed in a BIOMETRA thermocycler (UNO I1) using the
following temperature program: 1 cycle of 5 min at 94°C; 30 cycles of 30 s at 94°C, 30 s at
55°C, 60 s at 72°C; and a final cycle of 7 min at 72°C. Amplification products were
electrophoresed in a 1.5% agarose gel (BIORON, Germany) containing ethidium bromide
and visualized by transillumination (Gel Doc 2000, Bio-Rad) under UV irradiation [18].

2.6. PCR amplification of the agr gene

The 1,884-bp agr gene fragment was amplified using primers Agr listed in Table 1. The agr
gene was amplified from 4 pl of the purified nucleic acid solution in a 25 pl reaction mixture
containing 1 U of DyNAzyme™ EXT Taq DNA Polymerase (Thermo Scientific, Lithuania),
10X EXT Buffer (Thermo Scientific, Lithuania), 200 uM dNTPs (MetaBion, Germany), 1.6
UM sense primer, and 1.6 uM antisense primer (Table 1). Amplification was performed in a
BIOMETRA thermocycler (UNO I1) using the following temperature program: 1 cycle of 4
min at 94°C; 30 cycles of 1 min at 94°C, 2 min at 55°C, 2 min at 72°C; and a final cycle of 4
min at 72°C. All samples were stored at —20°C prior to restriction enzyme digestion [19].

2.7. Restriction enzyme digestion of the PCR products

The agr PCR amplicons were digested with Rsal (Thermo Scientific, Lithuania) and Alul
(Thermo Scientific, Lithuania) in a 31 pl reaction mixture containing 1 U of restriction
enzyme and 10X Buffer Tango (Thermo Scientific, Lithuania). Digestions of the agr
amplicons were performed in a BIOMETRA thermocycler (UNO II) with an incubation time
of 1 h at 37°C followed by thermal inactivation of the restriction enzymes by incubation at
65°C for 20 min, according to the manufacturer’s instructions. The restriction fragments
were then separated by electrophoresis on a 2% agarose gel (BIORON, Germany)
containing ethidium bromide and visualized by transillumination (Gel Doc 2000, Bio-Rad)
under UV irradiation.

2.8. Assessment of hemolysin activity on Sheep Blood Agar plates

Cultures to be tested were grown overnight on trypticase-soy agar plates (bioMeérieux,
France), cross-streaked on sheep blood agar (Biocorp, Poland) against a culture of RN4220,
incubated overnight at 37°C, and then incubated for 6 h at 4°C. The patterns could be
interpreted according to previously described method [20]: beta-hemolysin appears as a
partially turbid zone, as seen with RN4220, which produces only beta-hemolysin. Delta-
hemolysin is synergistic with beta-hemolysin and is seen as a clearing where the two
hemolysins intersect. Coproduction of beta-hemolysin and delta-hemolysin is seen as a
clearing next to the streak within a wider beta-hemolysin zone [20].

2.9. Photosensitizer

Protoporphyrin IX (PPIX) (MP Biomedicals, LLC, USA) was used as a sensitizer. PP1X was
dissolved in dimethyl sulfoxide (DMSO; Sigma, Germany) to make a 1 mM stock solution
and was stored in the dark at —20°C until use. The concentration of the photosensitizer was
determined spectrophotometrically (extinction coefficient 1.6 x 10° M~ cm™2, wavelength
408 nm).
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2.10. Light source

Illumination was performed using a Q.Light® PDT Lamp (b & p® Shweiz AG,
Switzerland) (1SO 9001 & EN 46001 - CE 1275) (power of lamp 80 mW; fluence rate 102
mW/cm?; fluence 6.12 J/cm? per minute). The delivered light energy was determined with
the use of light power meter (model LM1, CARL ZEISS, Germany). The Q.Light® PDT
Lamp emits polarized light (polarization level: 98%) over a wavelength range of 620 to 780
nm.

2.11. PDI studies

All bacterial isolates were subjected to photodynamic inactivation (PDI). Bacterial cultures
were grown for 24 h at 37°C in nutrient trypticase soy broth (bioMeérieux, France) and then
diluted with fresh broth to an appropriate density (107/ml bacterial cells) based on
densitometry (Densi Meter I, EMO). Diluted S. aureus cultures were incubated with 25 uM
protoporphyrin IX in the dark at 37°C for 30 min (final DMSO concentration in the sample
was 2.5%). The cells were then transferred to a 96-well microtiter plate (100 pl per well) and
illuminated with appropriate light (50 J/cm?2) at room temperature for 8 min and 10 s.
Following illumination, 10 pl aliquots were used to determine the colony forming units
(CFU). The contents of the wells were mixed before sampling, and the aliquots were serially
diluted 10-fold in PBS (0.13 mM NaCl, 8.1 mM NayHPQy, 2.68 mM KCI, 1.47 mM
KH,PQ,) to achieve final dilutions of 1071 to 1074, which were then streaked horizontally
onto square trypticase soy agar plates [21]. The plates were incubated at 37°C overnight.
Controls consisted of untreated bacteria (no photosensitizers or light) kept in 96-well plates
for the duration of the illumination. After 18 h of incubation at 37°C in the dark, CFUs were
counted and the results were statistically analyzed. Survival fractions were expressed as
ratios of CFUs of treated bacteria (with light and photosensitizer) to CFUs of untreated
bacteria. The experiment was performed three times.

2.12. Statistical analysis

The statistical analyses have been performed using the statistical suite StatSoft. Inc. (2011).
STATISTICA (data analysis software system). version 10.0. www.statsoft.com and Excel.
The quantitive variables were characterized by the arithmetic mean of standard deviation or
median or max/min (range) and 95% confidence interval. The qualitative variables were
presented with the use of count and percentage. In order to check if a quantitive variable
derives from a population of normal distribution, the W Shapiro-Wilk test has been used.
Whereas to prove the hypotheses on homogeneity of variances, Leven (Brown-Forsythe) test
has been utilized. Statistical significance of differences between two groups (unpaired
variables model) was processed with the t-Student test (or Welch test in the case of lack of
homogeneity) or U Mann-Withney test (in cases where conditions of performing the t-
Student test were not satisfied or for variables measured by ordinal scale). The significance
of difference between more than two groups were assessed with F test (ANOVA) or
Kruskal-Wallis (if ANOVA conditions were not fulfilled). In the case of statistically
significant differences between two groups post hoc tests were utilized (Tukey test for F or
Dunn for Kruskal-Wallis). Chi-squared tests for independence were used for qualitative
variables (with the use of Yates correction for cell counts below 10, with check of
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Cochrane’s conditions or with Fisher's exact test respectively). In all the calculations the
statistical significance level of p < 0.05 has been used.

3.1. Clinical isolates of S. aureus heterogeneously respond to PDI

All 750 strains, including both methicillin-susceptible and methicillin-resistant S. aureus,
were subjected to photodynamic inactivation. The different strains expressed a
heterogeneous response to photoinactivation, ranging from 0 to 5.1 logqg-unit reductions in
viable counts under the same experimental conditions. Among the MRSA strains, the viable
count reduction ranged from 0 to 4.5 logyg-units, while for the MSSA strains, the range was
from 0 to 5.1 logg-units. Using the observed differences in strain responses to PDI to
simplify the analysis, the strains were classified into three groups of PDI responses
according to the extent of the log1o-unit reduction in viable counts.

Terms and the ranges used for classification are shown in Table 2. The cut-offs for the
categorization of PDI response was made according to lethal or sub-lethal damage caused
for S aureus strains. Lethal and sub-lethal conditions are defined as conditions where the
direct damage is sufficient or insufficient to destroy the majority of the bacterial population
[22]. Thus, lethal and sub-lethal damage were defined as resulted in > 2 logyg and 0-0.99
logyg unit reduction in viable count, respectively. Thus, strains reaching lethal or sub-lethal
damage were assigned as sensitive or resistant to PDI, respectively. Strains revealing
reduction in viable counts ranged between lethal and sub- lethal damage were assigned as
intermediate sensitive.

The PDI effect on the 750 analyzed strains of methicillin-susceptible and methicillin-
resistant S. aureus showed different distribution of PDI-responders across S. aureus
population (Table 2).

3.2. Functionality of agr locus influences response to PDI

To establish whether agr gene status could correlate with PDI phenotype, the agr
functionality test (delta-toxin hemolytic activity) was applied for all tested S. aureus strains.
For 633 strains agr gene was determined to be active, as delta-toxin hemolytic activity was
reported. Next, S. aureus groups differentiated due to the functionality of agr locus were
compared according to their response to photodynamic treatment. Strains lacking functional
agr system revealed increased susceptibility to PDI (p < 0.01) (Fig. 1). Moreover, to indicate
the correlation between agr function and the response to PDI, the photoinactivation was
applied to isogenic pairs of S aureus that differ in agr status (agr-positive JE2 and agrA-,
agrB- and agrC-negative strains, NE1532, NE95, NE873, respectively). The significant
difference (p < 0.05) in response to PDI was observed for reference strains according to agr
status indicating its influence on strains susceptibility to photoinactivation (Fig. 2, upper
panel). When entire gene was deleted (in the case of S aureus LAC isogenic strains) the
difference in response to PDI was even more pronounced (p < 0.001) indicating the
significant role of agr locus in S aureus response to photoinactivation (Fig. 2, lower panel).
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3.3. The genetic polymorphism pattern of the agr gene correlates with PDI phenotype

Next, to assess whether not only the functionality of agr locus but also its polymorphism
could influences the susceptibility to PDI, 633 isolates with active agr gene were used for
analysis of agr polymorphism. Thus, further analysis concerning agr grouping and
polymorphism were performed. An agr group-specific multiplex PCR reaction was
performed for all 633 S aureus strains to amplify the agr sequence. The banding patterns
obtained were compared to the PCR products of agr group-specific reference strains to
determine the agr group for all analyzed strains. The results showed that there were
statistically significant differences between agr groups according to the response to PDI.
Strains with agr group 3 differently responded to photoinactivation in comparison to strains
agr 1, 2 and 4 (p = 0.0001; 0.0001 and 0.0481, respectively). Agr group 1 strains revealed
significant difference in response to PDI when compared to agr group 2 strains (p = 0.001)

(Fig. 3).

To examine the genetic elements in more detail, we used PCR to amplify the agr gene. The
PCR products were then enzymatically digested with Alul, creating different digestion
products that corresponded to discrete polymorphisms in the agr gene; these polymorphisms
were subsequently named with roman numerals: I, 11, IV, IVB, V, VI, VII, IX, and X
(Supplementary Figure 1). Statistical analysis demonstrated that S. aureus strains with Alul
patterns Il and V differently respond to PDI in comparison to patterns I, IV and IVB
(significant correlations and p values are presented in Table 3). Interestingly, the majority of
strains characterized with patterns no. I, 1V, IVB, IX and X were resistant to
photoinactivation (Table 3).

PCR amplicons of the agr gene were also subjected to Rsal-based polymorphism analysis.
Based on Rsal restriction enzyme digestion, different digestion patterns were obtained,
allowing for the classification of the analyzed strains into classes (I, 11, 11B, 11, 1V, IVB,
IVD, V, VII, and IX). Different strains express different small polymorphisms within the
agr gene, and this determines the different restriction products (Supplementary Figure 2).
Statistical analysis demonstrated that the S aureus strains revealing Rsal restriction pattern
V respond significantly different to PDI than strains with patterns no. I, IB and I1VB.
Furthermore, the statistically relevant difference was reported between strains characterized
with patterns I1, IVB and VII (significant correlations and p values are presented in Table 3).
Interestingly, the majority of strains revealing Rsal patterns I, IB 11, IV, IVB, IVD and IX
represented strains resistant to photoinactivation (Table 3).

To explore the genetic characterization of the examined strains further, we applied statistical
analysis to the combined Alul/Rsal patterns with respect to the response to PDI. This
combination produced 62 divergent groups and allowed for the more precise determination
of genetic elements potentially involved in the observed phenomenon. The results for the
633 methicillin-susceptible and methicillin-resistant S. aureus strains show that there were
statistically significant differences (p < 0.05) between Alul/Rsal digestion patterns and
responses to PDI. Specifically, we can conclude that the majority of strains expressing the
polymorphisms associated with Alul/Rsal patterns I/1, IV/IV, IVB/IVB, IV/IVB and IV/II
were generally the PDI-resistant strains. On the contrary, the V/VII pattern was associated
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with intermediate sensitive strains (Table 4). These correlations involved both MRSA and
MSSA strains excluding pattern IV/11 which was solely associated with MRSA strains. In
contrast, pattern \V/VI1I was associated with IS PDI responders in the case of MSSA strains
(Table 4). Statistical analysis demonstrated that S. aureus response to photoinactivation was
significantly different between strains expressing various Alul/Rsal patterns (statistical
correlations presented in Table 4).

It is noted that agr groups correlate with the clonal complexes [23;24]. Therefore, to
examine the possibility that the correlation between agr groups and PDI response resulted
from the difference in genetic background rather than agr polymorphism, the RAPD
analysis was performed for all MRSA S. aureus strains. RAPD typing revealed 258 different
electrophoretic patterns (with the similarity below 100%), consisting of 15-28 bands.
Genetic similarity of 307 S. aureus strains was 61.6%. Statistical analysis of genetic
relatedness allowed to distinguish 7 genetic groups - A to G (within min. similarity level —
70.5%). Among 307 S. aureus strains, 250 isolates of the group A proved to be clonally
dependent. They were classified to 44 different genotypes (similarity level within genotype
=>90%) with the most predominant genotype “34” (represented by 46 isolates). The
remaining isolates were classified as 57 different genotypes, each represented by one isolate.
Interestingly, genotypically indistinguishable strains (similarity 100%) differed in their agr
groups, agr polymorphisms and PDI-response indicating that the correlation between PDI
susceptibility and agr did not result from genetic background.

4. Discussion

Recently we have demonstrated that a strain-dependent response to PDI by S. aureus exists,
although the underlying mechanism remains unexplained [12;13]. Also Miyabe et al. tested
the susceptibility of 20 Saphylococcus strains isolated from the human oral cavity to
methylene blue mediated PACT. They demonstrated that various logqg units reduction could
be achieved in in vitro tests [25]. Next, studies by Yow et al. suggested that the MRSA
isolate might be more sensitive to cationic PS than S. aureus ATCC 25923 strains [26].
Studies by Ribeiro et al. also indicated that PDI effect is rather strain- and isolate-dependent
than species-dependent [27]. One reason for the poor response to PDI could be an effective
antioxidant defense system in the bacteria. S. aureus strains lacking active superoxide
dismutases were significantly more susceptible to PP1X-based photo-killing than their native
counterparts [28]. The same observation was true for a strain deprived of staphyloxanthin, a
staphylococcal golden pigment known for its antioxidant properties (Nakonieczna J.,
unpublished results). PDI resistant phenotypes could also result from variations in biofilm
production. The effect of extracellular slime on photodynamic inactivation of bacteria was
also analyzed by another group, who reported that extracellular slime significantly
influenced the sensitizer uptake by the S. aureus cells [29]. On the basis of these
observations, the current study aimed to investigate statistically relevant correlations
between the genetic profiles of methicillin-susceptible and methicillin-resistant S. aureus
strains and their response to photodynamic inactivation.

Our investigation proceeded to a genetic element on the assumption that the effectiveness of
photoinactivation may be related to some aspect of strain virulence. As the response to PDI
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is a multifactorial phenomenon, we conducted a genetic analysis of the agr gene, which is
the main regulator of several virulence factors that either are transported outside of the
bacterial cell or are bound to the cell wall. Moreover, agr system revealed to be bacterial
oxidation sensing system what directly combine its action with photodynamic treatment.
Additionally, it was demonstrated that clinical isolates of S aureus with inactive agr loci
were also strong biofilm producers [30], indicating the impact of agr loci to biofilm
production. Recent studies by Geisinger et al. (2012) demonstrated the presence of agr
allele-dependent differences in agr activation. These differences were influenced by
polymorphisms within the agr regulon that affected variations in the expression of several
exoproteins and surface factors involved in pathogenesis [31]. Thus, we hypothesized that
agr functionality and polymorphism could influence S. aureus susceptibility to PDI-induced
oxidative mechanisms.

S aureus strains exhibit well-defined genetic polymorphisms within the agr locus. Four agr
genotypes, group I to IV, have been described to date [32]. The classification of S. aureus
strains into four agr groups showed that there were statistically significant differences
between the agr groups according to the response to PDI. Hence, our work proceeded to a
more detailed analysis of the agr gene, focusing on agr gene polymorphisms. The data
obtained allowed us to determine that strains expressing specific Alul/Rsal polymorphic
patterns (listed in Table 4) were connected with strain’s resistance or intermediate sensitivity
to photoinactivation and that they distributed differently among MRSA and MSSA S. aureus
strains. Based on these results, we can further hypothesize that the agr gene may be a
genetic factor associated with strain-dependent responses to PDI, as statistically significant
correlations were found between agr gene polymorphisms and strain responses to PDI. The
agr locus is complex, consisting of two divergent transcription units, driven by promoters P2
and P3 (reviewed in reference [33]). The P2 operon encodes a two-component signaling
module, of which AgrC is the receptor and AgrA is the response regulator. It also encodes
two proteins, AgrB and -D, which combine to produce and secrete an autoinducing peptide
(AIP) that is the ligand for AgrC. AgrA activates the agr P3 promoter, which drives the
synthesis of RNAIII, the effector of target gene regulation [34]. As agr controls a large set
of genes, including most of those encoding cell wall associated and extracellular proteins as
well as biofilm formation it is hard to identify specific pathway involved in S. aureus
susceptibility to photodynamic treatment [35]. The association between agr specific group,
the type of infection, and also antibiotic resistance has been reported by many researchers
[36]. We can assume that polymorphism within agr locus could impact RNAIII
transcription, function, or stability what may result in various expression of related genes
and/or biofilm production influencing S. aureus susceptibility to oxidative stress.
Nevertheless, to determine underlying mechanisms further investigations must be performed
i.e. RNAIII transcription profiles, or agr locus sequencing.

One could claim that because the isolates were obtained from one hospital, the agr typing
could simply be clustering the isolates into particular clonal types that may be more or less
susceptible to PDI and that do not influence directly the mechanism of strain-dependent
responses to photoinactivation. We cannot exclude this possibility; however, if it was true,
we would assume that other typing method such as RAPD analysis (current study and data

J Photochem Photobiol B. Author manuscript; available in PMC 2016 March 09.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grinholc et al.

Page 11

previously published by our research group, Grinholc et al. 2008) would also cluster the
strains according to their PDI susceptibility. As only agr typing correlates with PDI
phenotypes, we can assume that this regulon influences the strain-dependent mechanism of
PDI response. However, taking into consideration all of the strains, this correlation is
heterogeneous and does not show a linear trend thus demonstrating the need for a broader
investigation of the agr gene polymorphism, and additional agr-dependent pathways.

Applied approach to identify agr polymorphism (based on RFLP analysis using two
digestion enzymes) divided the isolates into 62 subgroups based on Alul/Rsal profile. The
subgroups significantly correlated with PDI response. However, 633 isolates divided into 62
subgroups suggests that the predictive power of this method may have little value in clinical
use. Thus, it is required to investigate other techniques enabling detection of gene
polymorphism i.e. sequencing and searching for crucial polymorphisms determining strain
susceptibility to photoinactivation.

The strain dependent susceptibility towards PDI is very large, considering that there is a 5
log range in reduction in viable count after exposure. One could concern that agr null
mutants are only showing an approximately 1 log reduction compared to an isogenic strain
carrying a functional agr, and that means that there is a very large unexplained variation in
susceptibility/resistance towards PDI between isolates that is not related to the Agr status.
Thus, it is significant to remember that the mechanism underlying strain-dependent response
to PDI is multifactorial and several factors could influence strain susceptibility/resistance
towards photoinactivation. Nevertheless, the current work provides proof of evidence that
agr polymorphism and functionality influences S. aureus response to photodynamic
treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Response of S. aureus strains differing in agr functionality to PPIX-mediated PDI
Each box plot represents the spread of bacterial response across the different clinical

isolates. The error bars represent minimum and maximum value of log;g-unit reduction in
viable counts.
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Fig. 2. Photoeffect of PP1X against isogenic S. aureus strains
The cells were illuminated after dark incubation for 30 min at 37°C with 25 uM PP1X with

the light dose of 50 J/cm?2. The survival rate was calculated from the number of CFU in the
PDI-treated sample divided by the number of CFU in the sample irradiated without
photosensitizer. Each experiment was done three times, and error bars show S.D. * p < 0.05;
*** p<0.001
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Fig. 3. Response of S. aureus strains differing in agr groups to PPIX-mediated PDI
Each box plot represents the spread of bacterial response across the different clinical

isolates. The error bars represent minimum and maximum value of log;q-unit reduction in
viable counts.
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Table 2
Range of effectiveness of photosensitization
logyo -unit reduction  ¢|assification® No. of strains (%)
0-0.99 Resistant 391 (52.1)
1-1.99 Intermediate sensitive 210 (28.0)
2-51 Sensitive 149 (19.9)
Total 750 (100)

a . L
Categorization made due to lethal and sub-lethal damage caused by photoinactivation
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